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Abstract Transport of karyophilic proteins into the nucleus is 
mediated by nuclear localization signals (NLSs) via a multistep 
process. The karyophiles are recognized by the importin a 
subunit in the cytoplasm to form a stable complex, termed the 
nuclear pore-targeting complex (PTAC). To date, three different 
mammalian a subunits (mSRPl/NPI-1, PTAC58/mPendulin/ 
Rchl and Qipl) have been identified. In this study, we report the 
identification of three additional mouse genes homologous to the 
known a subunits using RT-PCR methodology and show that the 
mouse a subunits can be classified into at least three subfamilies, 
a-P, a-Q and α-S families, each composed of closely related 
members (more than 80% amino acid sequence identity). These 
three subfamilies, however, have ~50% amino acid identity to 
one another. Northern blot analysis showed that all were 
differentially expressed in various mouse tissues. These results 
suggest that the function of these proteins may be controlled in a 
tissue-specific manner and that their combinatorial expression 
may play a role in differentiation and organogenesis. 
© 1997 Federation of European Biochemical Societies. 
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1. Introduction 
Selective nuclear protein import into the nucleus is medi-
ated by short amino acid sequences termed nuclear localiza-
tion signals (NLSs) [1-5]. This process is divided into multi-
ple, sequential steps, including (a) recognition of an NLS-
containing substrate by importin a, (b) the formation of a 
stable complex, termed the nuclear pore-targeting complex 
(PTAC) involving importin ß, (с) binding of the PTAC to 
the cytoplasmic face of nuclear pore complex (NPC), (d) the 
energy-dependent translocation of the complex through the 
nuclear pore, and (e) the dissociation of the complex on the 
nucleoplasmic side of the nuclear pores and/or within the 
nucleus [3-16]. 
Importin a, the a subunit of PTAC, has a modular struc-
ture, which consists of an N-terminal hydrophilic region, a 
hydrophobic central region composed of 8 repeats, named 
the arm motifs, and a short hydrophilic C-terminus. A num-
ber of related molecules have been identified from a variety of 
organisms. The N-terminal hydrophilic region contains the 41 
amino acid importin ß binding domain (IBB domain), which 
is sufficient for binding importin ß and essential for nuclear 
protein import [17,18]. The amino acid sequence of this do-
main is strongly basic and highly conserved among importin a 
homologues. The hydrophobic central region consists of the 
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arm motifs, which were named on the basis of a repetitive 
structure originally identified in the Drosophila segment polar-
ity protein, Armadillo [19], and found in several unrelated 
proteins that have diverse cellular functions [20]. 
Two types of mouse importin a, individually referred to as 
mSRPl [21] and PTAC58 [13] /mPendulin [21], were previ-
ously identified and characterized by means of the digitonin-
permeabilized in vitro semi-intact cell system [22]. They have 
only <~ 50% amino acid identity to each other, although their 
functional properties are not clearly distinguished in terms of 
their ability to carry SV40 T-antigen NLS substrates into the 
nucleus in the in vitro assay. 
Saccharomyces cerevisiae has a single importin a subunit, 
SRP1, an essential gene which was first identified as a sup-
pressor of temperature-sensitive RNA polymerase I mutations 
[23]. In contrast, three proteins, Rchl [24], NPI-1 [25] and 
Qipl [26], have been identified as a subunit in humans. Stud-
ies involving Drosophila suggest that the function of the differ-
ent types of a subunit may not be identical [27,28]. Moreover, 
a recent study showed that two types of human a subunit, 
Rchl and NPI-1, show different specificities toward a variety 
of NLS peptides [29]. These data stimulated us to hypothesize 
the existence of a variety of importin a molecules which may 
be biologically significant in higher eukaryotes and which may 
perform unique roles in nuclear protein transport or, possibly, 
additional functions which have not yet been identified. 
The present study reports the identification of three novel 
mouse proteins homologous to the known mSRPl and 
PTAC58/mPendulin. On the basis of sequence similarities, 
these five mouse proteins can be classified into three major 
kingdoms, which we refer to as m-importin a-P, a-Q and a-S. 
In order to avoid confusion of the nomenclature, we have re-
named PTAC58/mPendulin and mSRPl as m-importin a-Pl 
and m-importin oc-Sl, respectively. Northern blot analysis in-
dicated that these five molecules show differential expression 
patterns in tissue-specific manners. These findings suggest that 
combinatorial expression of these proteins may play some role 
in cell differentiation and organogenesis. 
2. Materials and methods 
2.1. cDNA cloning 
This procedure was performed as described previously [30]. Briefly, 
regions conserved among m-importin a-Pl, a-Sl and Xenopus impor-
tin a [10,13,21] were used to design three degenerate oligonucleotide 
primers for the cloning of mouse importin a-related genes. The se-
quence of the sense primer was 5'-GA(A/G) CA(A/G) GC(A/G/C/T) 
GT(A/G/C/T) TGG GC-3' (the sequence corresponding to nucleotides 
538-554 of α-Ρ1) (Ρ58-2). The sequences of the two antisense primers 
were 5'-GCC CA(A/G/C/T) (A/G)C(A/G/C/T) GC(C/T) TC(C/T) TT-
3' (nucleotides 1199-1183 of a-Pl) (P58-12), and 5'-(C/T)TC (A/G/ 
T)AT (C/T)TT (A/G/C/T)TC (A/G/C/T)A(A/G) (A/G/C/T)CC-3' (nu-
cleotides 1422-1405 of α-Ρ1) (Ρ58-13). Specific murine cDNA, which 
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Armi -> <- Arm2 -> 
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<- Arm3 
LGNIAGDGSAFRDLVIKHGAIDPLLAL· 212 
LGHIIGDGPQCRDYVISbGVVKPLLSr 207 
LGNIIGDGPQCRDYVISI.GVVXPLLSF 207 
LGNIAGDSTMCRDYVLNCNILPPLLQL 2 19 
LGNIAGDSSLCRDYVLNCSILNPLLTL 214 
-> <- Arm4 -> <- Arm5 -> <-
a-Pl LAVPDLSTLACGYLRNLTWT tSNLCRNXNPAPPLDAVEQILPTLVRLLHHNDPEVLADSCWA ISYL·TDGPNERIEMVVKKGVVPQlVKL·L·GATELPIVTPALRA IGNIVIGT 324 
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a-Pl DEQTQKVIDAGALAVFPSLLTNPXTNIQXEATWT MSNITAGRQDQIQQWNHGLVPFLVGVLSKADFXTQKEAAWA ITNYTSGGTVEQIVYLVHCGIIEPLMNLLSAKDTXI 436 
a-Ql DEQTQWLNCDALSHFPALLTHPXEKINXEAVWF LSNITAGNQQQVQAVIDANLVPMIIHLLDKGDFGTQKEAAWA ISNLTISGRXDQVAYLIQQNVIPPFCNLLTVKDAQV 427 
a-Q2 DEQTQVVLNCDVLSHFPNLLSHPXEKINKEAVWF LSNITAGNQQQVQAVIDAGLIPMIIHQLAXGDFGTQKEAAWA ISNLTISGRXDQVEYLVQQNVIPPFCNLLSVXDSQV 42 7 
a-Sl DIQTQVILNCSALQSLLHLLSSPXESIXXEACWT ISNITAGNRAQIQTVIDANMFPALISILQTAEFRTRXEAAWA ITNATSGGSAEQIXYLVELGCIKPLCDLLTVMDAXI 439 
a-S2 DIQTQVILNCSALPCLLHLLSSSXESIRXEACWT ISNITAGNRAQIQAVIDANIFPVLIEILQXAEFRTRKEAAWA ITNATSGGTPEQIRYLVSLGCIKPLCDLLTVMDSXI 434 
a - P l 
a -Ql 
a-Q2 
a - S l 
a -S2 
IQVILDA 
VQVVLDG 
VQVVLDG 
VQVALNG 
VQVALNG 
ISNIFQAAEKL GETEKLSIM 
LSNILKMAE DQAETIASL 
LKNILIMAG DEASTIAEI 
LENILRLGEeEAKRNGSGINPYCAL 
LENILRLGEUESKRSGSGVNPYCGL 
IEECGSLDKIE ALQRHENESVYKASLNLIEXYFSVEEE-EDQNVVPETTSEG-FAFQVQDGAP-GTFNF 
IEECGGLEKIE QLQNHENEDIYKLAYEIIDQFFSSDDIDEDPSLVPESVQGGTFGFNSSTNVPTEGFQF 
IEECGOLEKIE νΐΟΟΗΕΝΕΒΙΥΚΙΑΓΕΙΙϋΟΥΕΞΟΟΒΙΟΕΒΡΒΙΙΡΕΑΤθσθΤΥΝΓΒΡΤΑΝΙΟΤΧΕΡΝΡ 
IEEAYSIDKIE FLQSHE№EIY0KAFDLIEHYFGTEDE--DSSIAPQVDLSeQQYIFOQCEAPMEGF0L 
IEEAYÖLDKIE FLQSHENQEIYOKAFDLIEHYFGVEDD--DSSLAPQVDETQOOFIFQQPEAPMEGFQL 
529 
521 
521 
538 
533 
Fig. 1. Multiple sequence alignments among mouse importin α subunits. The amino acid sequences indicated with a single-letter notation are 
aligned by inserting gaps (-) to achieve maximum homology by the CLUSTAL W (1.60) software with default parameters except that the gap 
opening penalty of multiple alignment parameters is reduced to 7.00. Asterisks (*) and periods (.) below the alignment indicate positions occu-
pied by identical amino acids and the chemically conserved amino acids among all the sequences, respectively. Variable regions (see text) are 
boxed. Arm repeats and IBB domain (see text) are indicated above the alignment. Regions used for designing oligonucleotide primers are indi-
cated in boldface. Sequence data are taken from the original papers of the respective cDNA clones, [13] (a-Pl), [21] (a-Sl). In the figure we 
have corrected the amino acid sequence of a-Sl, namely isoleucine at the 83rd position in place of threonine, originally reported. 
was synthesized from 10 μg of total RNA isolated from Ehrlich as-
cites tumor cells using 100 pmol of P58-13 primer, was used as tem-
plate for PCR. PCR amplification was performed with P58-2 and P58-
12 primers as follows: after a 5 min denaturation at 94°C, the cycling 
parameters were 94°C for 45 s, 50°C for 1 min, and 72°C for 2 min, 
for a total of 30 cycles. Amplified products were then ligated to 
pGEM-T vector (Promega). The clones which contained the amplified 
fragments of the correct size (about 600 bp) were isolated and se-
quenced. Using this as a probe, 6 X104 phage clones of a murine 
thymus λgtl0 cDNA library [31] were hybridized for the isolation 
of full-sized cDNAs. Both strands of the cDNA sequence were deter-
mined using an automated DNA sequencer (LICOR). 
2.2. Direct PCR cloning of the missing N-terminal sequence 
Two oligonucleotides were designed: the sequence of the antisense 
oligonucleotides (PI0-13) which primes to the 5' terminal region of 
incomplete m-importin a-Q2 cDNA was 5'-CCC GAT GCT ATA 
TTA GTT AGT-3' and the sequence of the sense oligonucleotides 
(SK) which primes to the λΖΑΡ arm was 5'-CGC TCT AGA ACT 
AGT GGA TC-3'. The mouse brain uni-ZAP cDNA library (Strata-
gene), after phenol-chloroform treatment and ethanol precipitation, 
was used as a template. PCR amplification was performed using Am-
pliTaq Gold (Perkin Elmer) with P10-13 and SK primers as described 
previously. The approximately 0.5 kbp fragment obtained was sub-
cloned into the pBluescript II vector (Stratagene) and sequenced. The 
Xhol-Munl fragment obtained from the direct PCR cloning was li-
gated to incomplete m-importin a-Q2 cDNA. 
2.3. Northern blot hybridization 
RNAs were isolated from various mouse tissues with TRIzol re-
agent (BRL). Polyadenylated RNA (2 μg) was prepared using Oligo-
tex-dT30 (Takara), resolved on a 1% agarose gel containing formal-
dehyde, blotted onto a nylon membrane (Hybond-N+, Amersham), 
and hybridized in QuickHyb hybridization solution (Stratagene) ac-
cording to the manufacturer's recommended protocols. The filter was 
washed in 0.1 XSSC and 0.1% SDS at 60°C and exposed to film (Fuji 
RX) at -80°C for approximately 18 h. 
3. Results and discussion 
Regions conserved among m-importin a - P l (originally 
named PTAC58/mPendulin), a -S l (originally named 
m S R P l ) and Xenopus importin [10,13,21] were used to design 
three degenerate oligonucleotide primers for the cloning of 
importin a-related mouse genes. P C R amplification was per-
formed with P58-2 and P58-12 primers as described in Section 
2 using specific murine c D N A derived from Ehrlich ascites 
tumor cells. The clones, which contained amplified fragments 
of the expected size (about 600 bp), were sequenced. Four of 
the total 17 clones were identical to m-importin a - P l , and 
three to m-importin a -S l . The other 10 cloned fragments, 
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Fig. 2. Phylogenetic tree of mammalian importin a subunits. The 
tree was constructed using the CLUSTAL W and NJPLOT pro-
grams. The branch order and length represent the sequence similar-
ity and divergence, respectively. The scale bar beneath the tree rep-
resents a branch length corresponding to a relative difference score 
of 0.028. Sequence data are taken from [13] (mouse oc-Pl), [21] 
(mouse oe-Sl), [33] (human Rchl), [26] (human Qipl) and [25] (hu-
man NPI-1). 
however, were not identical but had a high homology to both 
m-importin a-Pl and m-importin cc-Sl. 
These 10 clones were classified into three groups, based on 
the sequence similarities. To obtain full-length cDNAs of 
these three groups, a murine thymus cDNA library was 
screened using their partial PCR fragments as probes. Three 
cDNA clones were obtained. However, one of these contained 
no obvious initial methionine in the sequence. To determine 
the N-terminal coding and 5' untranslated sequence of the 
gene, PCR amplification was utilized for screening the mouse 
brain uni-ZAP cDNA library as described in Section 2. An 
approximately 0.5 kbp fragment obtained was sequenced. 
Since the sequence alignment showed that over 200 bp of 
the 3' terminal sequence of the PCR fragment was identical 
to the 5' terminal sequence of the incomplete cDNA clone 
obtained from thymus cDNA library, we concluded that 
both represented the same gene. 
The deduced amino acid sequences of the five independent 
clones aligned with m-importin oc-Pl and m-importin a-Sl are 
shown in Fig. 1. The relationship of importin a homologues 
from various species, based on the deduced amino acid se-
quences, is shown in Table 1. Three novel mouse clones 
were isolated in this study. m-Importin α-Ql, a-Q2 and oc-
S2 encode 521, 521 and 533 amino acids with a predicted 
molecular mass of 57.9 kDa, 57.8 kDa and 59.6 kDa, respec-
tively. Each clone has 98%, 85% and 97% amino acid identity 
with human Qipl, m-importin ce-Ql and m-importin a-Sl, 
respectively. As expected, the regions used for designing de-
generated oligonucleotides, P58-2 and P58-12, are identical 
among these proteins (Fig. 1). The positions of the arm re-
peats are also shown in Fig. 1. The IBB domain and arm 
motifs are well conserved among these five members (see 
Fig. 1), which suggests that all are involved in nuclear protein 
transport. 
As shown in Fig. 2, the deduced amino acid sequences of 
importin a isoforms reveal that the mouse isoforms can be 
classified into three subfamilies, the a-P, oc-Q and ot-S fami-
lies. While the members of each subfamily have a high degree 
(greater than 80%>) of amino acid identity to each other, these 
subfamilies have only about 45% identity with one another. 
The basic local alignment search tool (BLAST) [32] analysis 
showed that a variety of proteins similar to murine m-impor-
tin a have been isolated from species other than mouse : NPI-
1/hSRPl and Rchl/hSRPloc [33] in human, importin 60-1 and 
60-2 in Xenopus [10], pendulin in Drosophila [27,28] and SRP1 
in yeast. The percentages amino acid sequence identity among 
all of these a subunits calculated using CLUSTAL W soft-
ware [34] are shown in Table 1. In addition to mammals, a 
number of molecules homologous to m-importin a have been 
isolated from nonmammals as described previously, but their 
relationship to the mammalian subfamilies has not yet been 
Table 1 
Percent identity among importin a subunits from a variety of organisms 
Species 
a-Pl 
a-Ql 
a-Q2 
a-Sl 
a-S2 
Rchl 
Qipl 
NPI-1 
60-1 
60-2 
pendulin 
SRP-1 
Mouse 
a-Pl a-Ql 
49 
ot-Q2 
48 
85 
a-Sl 
44 
46 
46 
a-S2 
43 
47 
47 
81 
Human 
Rchl 
94 
49 
48 
44 
44 
Qipl 
48 
98 
85 
46 
46 
49 
NPI-1 
43 
46 
46 
97 
81 
44 
46 
Xenopus 
60-1 
61 
45 
47 
43 
44 
62 
46 
43 
60-2 
59 
46 
47 
43 
43 
60 
46 
42 
95 
Drosophila 
pendulin 
47 
45 
44 
43 
46 
48 
45 
43 
48 
48 
Yeast 
SRP1 
44 
45 
45 
47 
48 
44 
45 
49 
43 
42 
40 
Amino acid sequence identity among importin a subunits was calculated using CLUSTAL W software. Sequence data are taken from [13] (mouse 
a-Pl), [21] (mouse a-Sl), [33] (human Rchl), [26] (human Qipl), [25] (human NPI-1), [10] (Xenopus 60-1 and 60-2), [28] (Drosophila pendulin) and 
[23] (yeast SRP1). 
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Fig. 3. Northern blot of mouse importin α isoform mRNA. Poly-
adenylated mRNA (2 μg) from various mouse tissues was analyzed 
for the presence of transcripts hybridizing to the following cDNA 
as probes. An approximate 0.7 kbp fragment from the initial me-
thionine to the Acci restriction site in a-Pl cDNA (upper panel), 
the Ncol-Apal fragment in α-Ql cDNA (approximately 0.8 kbp) 
(second panel), the Ncol-Accl fragment in a-Q2 cDNA (approxi-
mately 0.8 kbp) (third panel), an approximately 0.9 kbp fragment 
from the —144 bp 5' non-coding region to the Bsm\ restriction site 
in α-Sl cDNA (fourth panel), an approximately 0.7 kbp fragment 
from the initial methionine to the Apa\ restriction site in a-S2 
cDNA (fifth panel), and glyceraldehyde 3-phosphate dehydrogenase 
as a control (lower panel) were used for probes. The same filter was 
used for all hybridizations. 'Ehrlich' indicates Ehrlich ascites tumor 
cells, and 'Brain(20w)' indicates brain (without cerebellum) mRNA 
derived from a mouse 20 weeks after birth and other tissues derived 
from mice 5 weeks after birth. The positions of the RNA size 
marker (BRL) are shown on the right-hand side. 
clearly defined. Whether such multiplicity is unique to mam-
malian systems can only be speculated on, since it has not yet 
been established if yeast, Drosophila, or Xenopus possess mul-
tiple functional subfamilies. Detailed structure/function anal-
ysis will be required to determine which of these corresponds 
to mammalian subgroups. 
Multiple alignment analysis revealed that sequence-variable 
domains in the region of about 40 amino acids which are 
flanked by the IBB domain exist and the first arm motif, 
and the region just after the eighth arm repeat (boxed in 
Fig. 1). The amino acid sequence and the length of these 
regions differ greatly among the five subunits. m-Importin 
α-Sl and m-importin oc-S2 have 81% identity over the entire 
molecule, but their variable regions have only 25% identity. A 
recent study showed that two types of human oc subunit have 
different specificities to various NLS peptides [29]. Very re-
cently, we found that tyrosine phosphorylated Stati interacts 
with NPI-1 but not with Rchl (T. Sekimoto, submitted). 
These results suggest the possibility that closely related sub-
family members differ functionally and that these variable 
regions may play essential roles in a diversity of functions. 
In order to better understand the biological significance of 
the various a subunits, we compared their expression patterns 
in a variety of mouse tissues by Northern blot analysis (Fig. 
3). The data showed significantly different patterns in the 
mRNA expression of these murine oc subunits, suggesting 
that these proteins may have functional diversity. Although 
the two members of each subfamily have very high sequence 
similarity, their expression patterns were not similar. m-Im-
portin α-Ql and oc-Q2 transcripts were detected more or less 
in all tissues examined (Ehrlich ascites tumor cells, testis, kid-
ney, spleen, liver, heart, lung, thymus, skeletal muscle, cere-
bellum and brain (without cerebellum)), while multiple-sized 
m-importin ce-Ql transcripts were highly expressed, especially 
in testis. Multiple-sized m-importin α-Sl transcripts were de-
tected at low levels in all tissues examined. In contrast, m-
importin 0C-S2 transcripts were only slightly detected in Ehr-
lich ascites tumor cells, thymus and skeletal muscle, while the 
single transcript of a-S2 was clearly detected in kidney, spleen, 
liver, heart and lung, and a high expression of two major 
transcripts of 5.5 and 1.8 kbp was observed, especially in 
testis. m-Importin a-Pl transcripts were only slightly detected 
in brain but not in cerebellum and skeletal muscle, while 
multiple-sized transcripts were highly expressed in testis and 
spleen. These results show that m-importin oc-Ql, 0C-Q2, and 
α-Sl were ubiquitously expressed to a variety of extents, while 
the expression of m-importin a-Pl and oc-S2 was restricted to 
certain tissues. Furthermore, a recent study showed that at 
least three structurally and functionally distinct oc subunits 
exist in a human single cell population such as HeLa cells 
(Y. Miyamoto, submitted). It is important to understand 
how the expression of each isoform is controlled in each tissue 
and/or at which developmental stage. The data herein will be 
helpful in terms of a better understanding of the role and 
mechanism of the nuclear protein transport in development 
and organogenesis. 
In summary, we isolated three novel mouse genes, m-im-
portin oc-Ql, oc-Q2 and cc-S2, indicating that at least five iso-
forms of importin a exist in mice. Amino acid sequence anal-
ysis revealed that the mouse oc subunits are grouped into at 
least three subfamilies, oc-P, cc-Q and oc-S, each being com-
posed of closely related members. Two members of each sub-
family have a high degree of amino acid similarity (more than 
80% identity), but Northern blot analysis showed that expres-
sion patterns of these two members differ in various mouse 
tissues. Although it is important to understand which specific 
type of karyophilic molecules each m-importin oc isoform car-
ries into the nucleus in each cell, these data suggest that the 
combinatorial expression of these proteins in each cell may 
play a role in cell differentiation and organogenesis. 
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